Obliterative bronchiolitis (OB) develops insidiously in nearly half of all lung transplant recipients. Although typically preceded by a CD8 ؉ T cell-rich lymphocytic bronchitis, it remains unresponsive to conventional immunosuppression. Using an airflow permissive model to study the role of gases flowing over the transplanted airway, it is shown that prolonged inhalation of sublethal doses of carbon monoxide (CO), but not nitric oxide (NO), obliterate the appearance of the obstructive airway lesion. Induction of the enzyme responsible for the synthesis of CO, heme oxygenase (Hmox) 1, increased carboxyhemoglobin levels and suppressed lymphocytic bronchitis and airway luminal occlusion after transplantation. In contrast, zinc protoporphyrin IX, a competitive inhibitor of Hmox, increased airway luminal occlusion. Compared with wild-type allografts, expression of inducible NO synthase (iNOS), which promotes the influx of cytoeffector leukocytes and airway graft rejection, was strikingly reduced by either enhanced expression of Hmox-1 or exogenous CO. Hmox-1/CO decreased nuclear factor (NF)-B binding activity to the iNOS promoter region and iNOS expression. Inhibition of soluble guanylate cyclase did not interfere with the ability of CO to suppress OB, implicating a cyclic guanosine 3 ,5 -monophosphate-independent mechanism through which CO suppresses NF-B, iNOS transcription, and OB. Prolonged CO inhalation represents a new immunosuppresive strategy to prevent OB.
Lung transplantation across an allogeneic barrier often provokes a severe inflammatory response, characterized by a massive lymphocytic influx into the graft. Although vascular structures can be targets of chronic rejection, as in all transplanted solid organs, the pronounced involvement of airway structures represents a unique and clinically devastating feature in chronically rejecting transplanted lungs (1) . The transplanted airway resides in a unique topographic interface and is subjected to the continuous topical exposure of biological gases both produced within the organism and inhaled from the external environment. Synthesis of NO, a diatomic gas with pleiotropic immune and nonimmune functions, is increased during airway rejection, where it has been shown to exacerbate lymphocytic bronchitis and airway obliteration (2) . Expression of the inducible heme oxygenase (Hmox) enzyme responsible for synthesis of a related diatomic gas, CO, is also increased in human lung transplants with acute cellular rejection and obliterative bronchiolitis (OB; reference 3). In contrast to the activity of inducible NO synthase (iNOS) as a potent immune effector mechanism, Hmox-1 has been shown to possess antiinflammatory properties. As heme oxygenases are the ratelimiting enzymes (4, 5) in the synthesis of the endogenous gaseous molecule CO as a byproduct of heme catabolism, it has been suggested that CO derived from this catalytic process may have important antiinflammatory functions (6, 7) . The strong induction of Hmox during lung transplant rejection leads to the hypothesis that endogenous expression of Hmox-1 and derivative CO may serve as countervailing mechanisms to limit tissue inflammation and injury induced by iNOS in the setting of airway transplant rejection.
To test this hypothesis, a new model of transplantationassociated obliterative airway disease was studied in mice lacking the Hmox-1 gene, or those in which Hmox-1 expression was enhanced. Mice were subjected to prolonged inhalation of either CO or NO in the presence or absence of various pharmacological inhibitors of downstream signaling cascades. Data reveal that endogenous Hmox-1 expression/ CO production provide critical and counterbalancing protection against the OB induced by enhanced iNOS expression in the airway allografts. Additional data suggest that suppression of NF-B nuclear translocation by CO results in down-regulation of iNOS expression and consequent suppression of OB development.
RESULTS

Morphometric analysis of graft narrowing
Airway transplantation across an allogeneic barrier in an airflow-permissive transplant model results in significant luminal narrowing, which is not seen in the same model when the transplanted graft is isogeneic with the recipient. Characteristic thickening of the epithelial and subepithelial layers lead to partial concentric graft luminal occlusion (47 Ϯ 4% for wild-type allografts vs. 16 Ϯ 1% for isografts; P Ͻ 0.05; Fig. 1 ). To determine whether induction of Hmox-1 can alter this natural history, cobalt protoporphyrin IX (CoPP) was administered to donors and recipients. This treatment regimen was associated with a strong induction of Hmox-1 protein (see Fig. 3 i and Fig. 4 C) and mRNA (see Fig. 4 A) in the transplanted grafts. CoPP treatment significantly reduced luminal occlusion (P Ͻ 0.05; Fig. 1 ). In contrast to CoPP, treatment with zinc protoporphyrin IX (ZnPP), which acts as a competitive inhibitor of Hmox activity, resulted in a substantial amount of luminal occlusion (50 Ϯ 2%). Preliminary experiments indicated that carboxyhemoglobin (COHb) levels were 17 Ϯ 1% in mice ( n ϭ 5) exposed to 250 ppm CO for 2 wk. When Hmox-1 ϩ / ϩ allograft recipients were placed in a similar (250 ppm) COrich environment for 2 wk after transplantation, graft luminal occlusion was diminished to a similar degree as that seen after Hmox-1 induction with CoPP. The suppressive effect of CO on airway luminal obliteration was not seen when CO was given solely to the donor animal for 24 h before the tracheal harvest (see Fig. 2 C) .
To further evaluate the role of endogenous expression on graft luminal obliteration, the next series of experiments was performed using donor trachea, from mice lacking the Hmox-1 gene, transplanted into allogeneic Hmox-1 ϩ / ϩ recipients. In these experiments, a significant increase in luminal occlusion was observed (69 Ϯ 6%) compared with that seen in Hmox-1 ϩ / ϩ to Hmox-1 ϩ / ϩ allotransplants (47 Ϯ 4%; P Ͻ 0.05). Inhalation of 250 ppm CO for 2 wk significantly rescued the Hmox-1-null transplants from the devel- Representative sections and morphometric analysis of sections for each of the indicated conditions are shown. Allograft recipients were all Hmox-1 ϩ/ϩ ; donor tracheas were obtained from either Hmox-1 ϩ/ϩ or Hmox-1 Ϫ/Ϫ mice as indicated in the figure. Hmox-1 ϩ/ϩ isografts are shown for comparison. The following conditions were examined: an Hmox-1-inducer (CoPP); an Hmox-inhibitor (ZnPP); exogenous CO (250 ppm) or NO (20 ppm) inhalation for 2 wk after transplantation; and pharmacological inhibitors (L-NIL to inhibit iNOS or ODQ to inhibit sGC). For certain experiments, sulfasalazine, a specific inhibitor of NF-B (references 36, 37), was given to Hmox Ϫ/Ϫ graft-recipient mice as a drinking water supplement (130 mg/kg/d) for 3 wk after transplantation. 5-10 transplants were performed for each group. *, P Ͻ 0.05 versus Hmox-1 ϩ/ϩ ; #, P Ͻ 0.05 versus Hmox-1 Ϫ/Ϫ allografts. Representative histological sections are shown under each bar. Data are mean Ϯ SEM.
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opment of airway luminal obliteration (35 Ϯ 2%; P Ͻ 0.05 vs. Hmox-1 Ϫ / Ϫ allografts in the absence of inhaled CO).
In a recent study using the identical airway transplant model system, induction of iNOS was shown to be a pathological mediator of airway rejection, the blockade of which could reduce airway luminal obliteration (2) . In the current experiments, coadministration of the iNOS blocker N 6 -(1-iminoethyl)-L -lysine dihydrochloride (L-NIL) with inhaled CO (in either Hmox-1 Ϫ / Ϫ or Hmox-1 ϩ / ϩ transplants) did not further reduce luminal obliteration compared with conditions in which CO was administered alone (Fig. 1) . When inhaled NO was administered to Hmox-1 ϩ / ϩ allograft recipients at a dose that results in comparable soluble guanylate cyclase (sGC) activation (20 ppm; reference 8) for 2 wk after transplantation, it became clear that prolonged NO exposure not only did not reduce luminal obliteration but actually exacerbated it (56 Ϯ 3%; P Ͻ 0.05 vs. Hmox-1 ϩ / ϩ allografts). This is in stark contrast to the beneficial vascular effects of inhaled NO seen shortly after lung transplantation (9) . Collectively, these data indicate that NO and CO have distinct biological profiles in this allograft model of OB. To test the mechanistic link between Hmox-1, CO, and iNOS induction, we studied whether inhibition of NOS2 (iNOS) activity might abrogate luminal obliteration, particularly in Hmox-1-null allografts (Fig. 2 A) . In a completely distinct cohort of animals from those shown in Fig. 1 A, isografts or allografts were implanted and luminal obliteration assessed at 1 wk without immunosuppression. L-NIL brought luminal obliteration in Hmox-1 Ϫ / Ϫ mice down to the baseline levels seen in Hmox-1 ϩ / ϩ allografts. The overall diminution of luminal obliteration in WT allografts is similar to that which we have previously observed (2) .
The next question, which was experimentally addressed, was whether the site of Hmox-1 expression was important in the observed protection against luminal narrowing. This question is particularly relevant because iNOS expressed in airway graft tissue has no apparent effect on airway rejection, whereas recipient leukocyte-derived iNOS plays a critical exacerbating role (2) . The situation appears to be quite dif- ferent for Hmox-1, in that Hmox expression in the graft, rather than in the recipient, dominates the course of rejection. Exacerbation of the airway occlusive lesions was observed when the grafts themselves lacked the Hmox-1 gene; however, lesions were not exacerbated when the graft tissue expressed Hmox-1, but circulating recipient cells were Hmox-1 null (Fig. 2 B) . These differences could not be accounted for by differences in the background strain because graft luminal narrowing for Hmox-1 ϩ / ϩ trachea transplanted into Hmox-1 ϩ / ϩ recipients was similar when the reverse background strain combination (i.e., B10.A donors transplanted into 129Sv ϫ BALB/c recipients) was used (Fig. 2  B) . Thus the "protection" conferred by Hmox-1 cannot be ascribed to the reversal of donor and recipient strains, which in other model systems can affect the course of rejection despite identical allogeneic disparity (10) . These data suggest that Hmox-1 expressed by graft epithelium, rather than by graft-infiltrating leukocytes, exerts the dominant influence on airway rejection.
To further delve into the pathway by which CO reduces graft luminal occlusion, a selective inhibitor of GC, 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ) was given to Hmox-1 ϩ / ϩ allograft recipients during the period of CO inhalation. These data show that inhibition of GC during CO exposure did not interfere with the suppressive effect of exogenous CO inhalation on graft occlusion (35 Ϯ 2% for CO ϩ ODQ treatment in Hmox-1 ϩ / ϩ allografts, 31 Ϯ 3% for CO exposure alone; P ϭ NS), indicating that CO elicits its beneficial effects through a cyclic cGMP-independent pathway.
Immunoreactivity for Hmox-1, CD3, and iNOS in adjacent sections
The prominent mononuclear cell infiltrate that was observed was comprised primarily of T cells, as determined by immunohistochemical analysis for the pan-T cell marker CD3 (Fig.  3 , a-f ). Quantitation of CD3 positive cells in histological sections reveals an approximate doubling of the number of CD3 positive cells in Hmox-1 Ϫ / Ϫ allografts compared with Hmox-1 ϩ / ϩ allografts. Immunoreactivity for Hmox-1 in epithelial cells was detected strongly in CoPP-treated Hmox-1 ϩ / ϩ allografts (Fig. 3 i) and moderately in Hmox-1 ϩ / ϩ allografts ( Fig. 3 h) , but was hardly detectable in Hmox-1 Ϫ / Ϫ allografts ( Fig. 3 k) . Some graft-infiltrating cells (lymphocytic predominance) express Hmox-1 in each allograft (Fig. 3 , h-l). These data indicate that epithelial cells in allografts represent a major source of Hmox-1 expression. iNOS expression was localized in both epithelial cells and infiltrating cells (Fig. 3 , m-r), which were partly recognized as CD3 ϩ lymphocytes detected in adjacent serial sections. Immunoreactivity for iNOS was strongly expressed in graft-infiltrating lymphocytes in Hmox-1 Ϫ /Ϫ allografts ( Fig. 3 q) . CO exposure for 2 wk prevented up-regulation of iNOS in both Hmox-1 ϩ/ϩ (Fig. 3 p) and Hmox-1 Ϫ/Ϫ allografts (Fig. 3 r) . 
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Induced levels of mRNA and protein for Hmox-1 and Hmox-2 in airway grafts
To quantify the levels of both mRNA and protein for Hmox-1 and Hmox-2 induction in airway grafts, Northern and Western blots were performed on graft tissue extracts. Normalized Hmox-1 levels for both mRNA (Fig. 4 A) and protein ( Fig. 4 C) were significantly increased in Hmox-1 ϩ/ϩ allografts compared with isografts (22-fold and 25-fold increases, respectively; P Ͻ 0.05 for both comparisons). Levels of both Hmox-1 mRNA and protein in Hmox-1 ϩ/ϩ allografts were up-regulated by CoPP treatment (both twofold increases; P Ͻ 0.05). Paradoxically, treatment with ZnPP also caused an increase in levels of Hmox-1 mRNA and protein in Hmox-1 ϩ/ϩ allografts (1.6-fold and 2-fold increases, respectively; P Ͻ 0.05 for protein levels; reference 11). No significant increase was seen after exogenous CO exposure. In Hmox-1 Ϫ/Ϫ allografts, the expression of both Hmox-1 mRNA and protein in Hmox-1 Ϫ/Ϫ allografts was also increased compared with that seen in isografts (16-fold and 17-fold increases, respectively; P Ͻ 0.05 for protein levels). Colocalization experiments confirm that this is primarily secondary to Hmox-1 expression in the infiltrating cells, rather than allograft material (Fig. 5, A and B) . Graft expression of Hmox-2 mRNA (Fig. 4 B) and protein (Fig. 4 D) was detected at the same low levels in all groups. There was no effect of CO exposure on expression of Hmox-1 and Hmox-2 in fresh tracheal tissue taken from nontransplanted mice.
Hmox activity and blood levels of COHb Hmox enzymatic activity was measured based on the stoichiometric production of biliverdin and CO from heme substrate. After enzymatic reduction of biliverdin to bilirubin, tissue concentrations of bilirubin measured in Hmox-1 ϩ/ϩ allografts were found to be 2.7-fold higher than those in isografts (Fig. 6 A) . Compared with Hmox-1 ϩ/ϩ allografts, the levels of Hmox activity were substantially increased by CoPP treatment (3.5-fold increase; P Ͻ 0.05), but reduced (1.7-fold decrease) by Hmox-1 gene deficiency (Hmox-1 Ϫ/Ϫ allografts). Exogenous CO inhalation did not affect the enzymatic activity. Blood levels of COHb measured at the time of death were significantly (P Ͻ 0.05) increased only when CoPP was given to mice (Fig. 6 B) .
Effect of exogenous CO/NO exposure on cGMP levels in tracheal tissue cGMP levels in nontransplanted native trachea were significantly (P Ͻ 0.05) elevated after either 1 d (10-fold increase) or 2 wk of 20 ppm NO exposure (an 8-fold increase). CO exposure (250 ppm) almost doubled cGMP levels at 1 d (P ϭ NS), although cGMP levels returned to baseline levels after 2 wk (Fig. 6 C) .
Effect of Hmox-1 induction and exogenous CO exposure on iNOS expression
Because iNOS expression has been causally implicated in the outcome of graft rejection, mRNA (Fig. 7 A) and protein ( Fig. 7 B ) levels in grafts were quantified. Both iNOS mRNA and protein levels were significantly increased in Hmox-1 ϩ/ϩ allografts compared with isografts (14-fold and 19-fold increases, respectively; P Ͻ 0.05 for each comparison). Compared with Hmox-1 ϩ/ϩ allografts, iNOS up-regulation was detected in both Hmox-1 Ϫ/Ϫ allografts (1.7-fold increase for message and 2-fold increase for protein levels; P Ͻ 0.05 for protein levels) and ZnPP-treated Hmox-1 ϩ/ϩ allografts (1.3-fold increase for protein levels). CoPP treatment in Hmox-1 ϩ/ϩ allografts, however, suppressed iNOS induction (1.9-fold decrease for mRNA, P ϭ NS; 2-fold decrease for protein levels, P Ͻ 0.05) versus Hmox-1 ϩ/ϩ allografts. iNOS levels in Hmox-1 Ϫ/Ϫ allografts were also suppressed by exogenous CO exposure (2.3-fold decrease for mRNA and 1.8-fold decrease for protein levels; P Ͻ 0.05 vs. Hmox-1 Ϫ/Ϫ allografts for both comparisons). There was no effect of CO exposure on iNOS expression in fresh tracheal tissue taken from nontransplanted mice.
NO production assay
The levels of stable oxidant byproducts of NO (NO 2 Ϫ and NO 3 Ϫ ) in airway grafts were determined as the total concentration of nitrite after conversion of all the sample NO 3 Ϫ into NO 2 Ϫ using nitrate reductase (Fig. 7 C) . Compared with isografts, increased levels of nitrite (5.3-fold; P Ͻ 0.05) were detected in Hmox-1 ϩ/ϩ allografts. Nitrite levels were increased further after ZnPP treatment (twofold increase; P Ͻ 0.05 vs. Hmox-1 ϩ/ϩ allografts) and even more significantly increased in Hmox-1 Ϫ/Ϫ allografts (3.9-fold increase; P Ͻ 0.05 vs. Hmox-1 ϩ/ϩ allografts). On the other hand, nitrite levels were reduced by either CoPP treatment (2.5-fold decrease) or exogenous CO exposure (2.8-fold decrease) compared with Hmox-1 ϩ/ϩ allografts. Exposure of Hmox-1 Ϫ/Ϫ allografts to inhaled CO also decreased NO production (2.2-fold decrease; P Ͻ 0.05 vs. Hmox-1 Ϫ/Ϫ allografts).
Effect of Hmox-1 induction and exogenous CO inhalation on iNOS-specific NF-B binding activity
The striking down-regulation of iNOS expression by CO, which may account for some of the biological potency of CO as an inhibitor of airway allograft rejection, led us to investigate whether CO affects transcriptional regulation of the iNOS gene in transplanted airway tissue. There are two 
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known NF-B binding sites in the iNOS promoter region, one upstream (NF-Bu) and one downstream (NF-Bd). Electrophoretic mobility shift assay (EMSA) was performed to investigate the binding activity for each (Fig. 8 A, NFBu, and B, NF-Bd). Transplantation resulted in insubstantial changes in NF-Bu DNA binding activity in tissue taken from all conditions studied, suggesting minor or no involvement of this promoter site in iNOS gene regulation in the setting of airway transplantation. In contrast, NF-Bd was activated in the setting of allograft transplantation. In allografts in which Hmox activity was pharmacologically (by ZnPP) or genetically reduced (Hmox-1 Ϫ/Ϫ ), there was clear up-regulation of formation of binding complexes in the downstream NF-B site in the iNOS promoter. On the other hand, allografts in which Hmox-1 was pharmacologically up-regulated (with CoPP) or which had been treated with 250 ppm of chronic exogenous CO for 2 wk showed substantially less NF-Bd activation. No binding complexes (for either NF-Bu or NF-Bd) were detected in untreated isografts, nor in tracheas from nontransplanted control mice exposed to CO. Specificity of these results was demonstrated by supershift experiments. The binding complex was blocked and supershifted by antibody to p65, an NF-B/Rel family member, using nuclear extracts from Hmox-1 Ϫ/Ϫ allografts (Fig. 8 C) . A similar supershift was seen when a combination of anti-p50 and -p65 was used. The binding specificity of the NF-Bd complex was further ascertained by competition with unlabeled oligonucleotides. Furthermore, three-color fluorescent immunostaining demonstrated that immunoreactivity for p65 (red) was mainly detected in nuclei (blue) of CD3 ϩ T lymphocytes (green) infiltrating Hmox-1 Ϫ/Ϫ allografts (Fig. 8 D) . Collectively, these findings suggest that activation of Hmox-1 in allografts reduces the formation of a sequence-specific NF-Bd complex comprised of mainly p65 homodimers (12) in allograft tissue. Exposure of recipient mice to CO can completely substitute for this inhibitory effect of activated Hmox-1 in allografts.
IL-1␤ expression and localization
IL-1␤ levels in grafts were determined by Western blot analysis (Fig. 9 A) . Compared with isografts, protein levels of IL-1␤ in Hmox-1 ϩ/ϩ allografts were significantly up-regulated (15-fold increase; P Ͻ 0.05). Although neither administration of the Hmox inducer CoPP nor exogenous CO exposure affected IL-1␤ expression in Hmox-1 ϩ/ϩ allografts, IL-1␤ was strongly induced in the setting of Hmox-1 gene deficiency (2.5-fold increase; P Ͻ 0.05 vs. Hmox-1 ϩ/ϩ allografts). Chronic CO treatment, however, strongly suppressed IL-1␤ induction in Hmox-1 Ϫ/Ϫ allografts (2.8-fold decrease; P Ͻ 0.05 vs. Hmox-1 Ϫ/Ϫ allografts). Localization of IL-1␤ was determined using a digital deconvolution system. IL-1␤ expression (red) was mainly localized in epithe- lial lining cells in Hmox-1 Ϫ/Ϫ allografts, but also detected in CD3 ϩ T-lymphocytes (Fig. 9 B, green) . Histological data using this technique show that exogenous CO exposure reduced the expression of IL-1␤ in epithelial cells (Fig. 9 C) , in excellent concordance with the Western blot data. DISCUSSION NO and CO, both diatomic gases that bind to heme and activate GC, have entirely opposite effects in the setting of airway transplantation. When acutely inhaled after isogeneic rat lung transplantation, inhaled NO was without effect on vascular resistance, gas exchange, leukocyte infiltration, or recipient survival (13) . When exogenous NO is inhaled for 2 wk at a dose of 20 ppm, there is essentially no effect on rejection in a rat model of lung allograft transplantation (14) . In the present studies, 20 ppm of inhaled NO given for 2 wk in a murine air-flow permissive model of airway transplantation not only fails to reduce allograft airway occlusion but actually increases it slightly. Endogenous expression of iNOS is frankly pathological in this same murine model of airway transplantation (2) . iNOS expression increases local expression of MIP-1␣ and RANTES, exacerbates development of a CD3 ϩ CD8 ϩ T cell lymphocytic bronchitis, and ultimately contributes to airway luminal obliteration (2) . These data are in sharp contrast to the role of endogenous Hmox expression and local CO generation, or the effect of exogenous CO administration. In the current experiments, both endogenous and exogenous CO were shown to have a remarkable salutary effect on the transplanted airway, reducing expression of inflammatory cytokines, leukocyte traffic, and eventual luminal obliteration.
Several lines of evidence point to the fact that the antirejection effects of CO are sGC independent. Even though inhaled doses of CO (250 ppm) and NO (20 ppm) were chosen for study based on theoretically similar levels of sGC stimulation (CO induces a 4.4-fold activation of purified sGC vs. a 130-fold activation of the enzyme by NO), only inhaled CO but not inhaled NO had a protective effect. Perhaps the strongest evidence comes from experiments in which pharmacological inhibition of GC with ODQ did not abrogate the beneficial effects of CO. Other authors (15) (16) (17) have shown that certain effects of CO, such as its antiapoptotic effects on endothelial cells, are cGMP independent. In that work, activation of p38 mitogen-activated protein kinase was shown to underlie the antiapoptotic effects of CO. It is possible that similar mechanisms might apply in our model of OB. To investigate the potential link between CO and NO, the effect of CO on iNOS induction was explored.
Inhalation of CO results in marked suppression of NF-B activation, an upstream transcriptional event that triggers several proinflammatory processes. NF-B is an important acute phase immune regulator, as well as a regulator for development of T lineage cells (18) and T cell-dependent immune responses (19) . NF-B also has an important facilitory role in allograft rejection, including expression of chemokine and cytokine production (20) . NF-B is also a potent regulator of iNOS transcription (21) . Of the two putative NF-B regulatory binding sites in the iNOS promoter region, NF-Bd appears to be more importantly involved in induction of the iNOS gene than NF-Bu in LPS-stimulated macrophages (21) or in tracheal allografts (Fig. 8 B) . Our data strongly support the hypothesis that Hmox-1-derived CO is responsible for suppressing NF-B activation, thereby reducing iNOS gene transcription. Superinduction of Hmox-1 with CoPP treatment was associated with a profound reduction in NF-B/DNA binding in wild-type allograft nuclear extracts. The suppressive effect of Hmox-1 
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on iNOS gene transcription is further demonstrated by the increased nuclear binding activity of the downstream site of NF-B in Hmox-1 Ϫ/Ϫ allografts and by the remarkable induction of iNOS mRNA and protein detected in this same group. Furthermore, our data suggest that CO is directly responsible for the Hmox-1-mediated suppression of iNOS, because exogenous CO inhalation decreased expression of a DNA binding protein corresponding to NF-Bd on EMSA and also decreased iNOS mRNA and protein expression. This does not preclude obligatory or secondary involvement of other signaling cascades, such as mitogen-activated protein kinase cascades, but this represents an opportunity for future investigation. Our data support the hypothesis that CO exerts its beneficial effects on the transplanted allogeneic airway by suppressing NF-B activation, reducing iNOS induction, and, thus, attenuating the alloimmune response (2) . iNOS expression has been described as a deteriorative mediator in chronic rejection after lung transplantation (22) . This damaging effect of iNOS may involve a peroxynitrite intermediary, as nitrotyrosine staining provides evidence of the reaction of NO with superoxide anion, and there is abundant data to support the toxicity of peroxynitrite (23) . The increased presence of iNOS in allografts, especially leukocyte-derived iNOS rather than epithelium derived iNOS, appears to be most responsible for OB (2) . We showed that expression of iNOS and generation of NO product in Hmox-1 ϩ/ϩ allografts were enhanced by graft Hmox-1 deficiency, leading to promotion of the rejection process, whereas either activation of Hmox-1 in Hmox-1 ϩ/ϩ allografts or exogenous CO inhalation in both Hmox-1 ϩ/ϩ and Hmox-1 Ϫ/Ϫ allografts down-regulated iNOS expression, resulting in improvement of graft luminal narrowing. A further suppressive effect for luminal occlusion was not seen by combined treatment of CO exposure and pharmacological iNOS inhibition with L-NIL during the early postoperative period, suggesting that exogenous CO may abrogate the involvement of iNOS in the process of allograft rejection. The diminution of nitrite likely reflects a global reduction in iNOS activity, which might be secondary to an interaction of CO with the heme in iNOS. An in vitro study (24) also supports our data, in that it reports that CO, but not bilirubin treatment, reduced LPS-induced iNOS expression and NO production.
The tremendous disparity between the data with inhaled NO (harmful with chronic inhalation) and inhaled CO (beneficial with chronic inhalation) do not imply that low doses of inhaled NO are useless in the acute lung transplant setting. When given to the pulmonary donor before lung harvest, inhaled NO blunts the decline in tissue cGMP levels and improves vascular function after lung transplantation in an isogeneic rat lung transplant model (13) . When administered to patients after lung transplantation, inhalation of low levels (Ͻ80 ppm) of NO acts as a pulmonary vasodilator and platelet inhibitor that ameliorates early graft dysfunction (9) . The failure of the sGC blockade to detract from the beneficial effect of long-term inhaled CO, as well as other evidence cited above, suggests that chronic CO does not work through a cGMP-based mechanism. Although there are several potential cGMP-independent mechanisms by which CO might exert its antirejection effects in airways, such as by modulating the activity of p38 (7) or ERK 1/2 (25) mitogen-activated protein kinase pathways, our data point to the strong possibility of an inhibitory effect on NF-B activation, iNOS up-regulation, and cytokine induction through the cGMP-independent pathway.
Although alloimmune effector cells access the graft abluminally, it is clear that gases flowing over the airway luminal surface can fundamentally alter the biological properties of the graft and its infiltrating cells. We show that induction of Hmox-1 expression with CoPP increases endogenous CO generation, as evidenced by increased levels of COHb in arterial blood from CoPP-treated recipients. The contribution of Hmox-1 overexpression in Hmox-1 ϩ/ϩ allografts, which was strongly protective against airway obliteration, could be completely replicated by exogenous CO inhalation in Hmox-1 Ϫ/Ϫ allografts. Lack of the Hmox-1 gene, or Hmox blockade with ZnPP, exacerbated allograft rejection and resulted in an increase of luminal narrowing, which was also suppressed by exposure of CO. The pharmacological inhibition of Hmox activity using ZnPP did not show the same exacerbation of luminal obliteration as seen in as Hmox-1 Ϫ/Ϫ allografts. This might be because of the lack of specificity of ZnPP (11) . It has also been reported that some metalloporphyrins, including ZnPP, can induce transcription of Hmox-1 (11) . These data implicate CO generation as the dominant protective effector mechanism elicited by Hmox-1 expression in airway allograft rejection. Even though cytoprotective effects elicited by another catalytic byproduct of heme degradation (biliverdin) or subsequent bilirubin and ferritin formation might contribute to protection by antioxidant or other properties, the current findings suggest that the preeminent role for CO formation by Hmox-1 is in the mitigation of acute-on-chronic airway rejection.
If endogenous Hmox-1 expression increases secondary to the transplantation procedure, and if Hmox-1 is protective, one may wonder why, in Hmox-1 ϩ/ϩ allografts, rejection develops at all. Our data here, as well as elsewhere in unrelated model systems, show that endogenous expression of Hmox-1 is protective only to a point; overexpression studies (using a chemical inducer [26, 27] or a transgene [27, 28] ) reveal consistent ability to augment this endogenous protective mechanism. In our experiments, the protective effects of Hmox-1 against allograft luminal occlusion are maximal when the gene is overexpressed. This protection is not limited only to increased patency of the airway lumen, but also to reduced local proinflammatory cytokine expression and reduced recruitment of cytoeffector leukocyte populations. These other features may in fact contribute to the ultimate beneficial effects that are observed with Hmox-1 overexpression or CO inhalation.
Our previous study (2) indicated that iNOS expression in recruited cytoeffector lymphocytes correlated strongly with the occurrence and severity of graft rejection. However, local epithelial expression of iNOS did not play a role in this process, as iNOS Ϫ/Ϫ airway allografts placed in iNOS ϩ/ϩ recipients developed the same amount of disease as iNOS ϩ/ϩ grafts placed in iNOS ϩ/ϩ recipients. This is in striking contrast to the Hmox-1 data presented here, in which local expression of Hmox-1 is shown to be of prime importance in suppressing airway rejection. The relative contribution of airway epithelial Hmox-1 expression versus Hmox-1 expression in recipient graft-infiltrating leukocytes was ascertained by transplanting Hmox-1 ϩ/ϩ airway grafts into allogeneic Hmox-1 Ϫ/Ϫ recipients or by transplanting the reverse combination (Hmox-1 Ϫ/Ϫ donor tissue into Hmox-1 ϩ/ϩ recipients). Results demonstrated significantly increased (P Ͻ 0.05) allograft luminal occlusion when Hmox-1 was absent in donor but not recipient tissue, implicating a critical contribution of epithelium-derived Hmox-1, rather than infiltrating leukocyte-derived Hmox-1, in suppressing development of airway rejection. These results also suggest that inhalation of exogenous CO, which is likely to act most immediately on epithelial cells into which it first comes into contact, may be particularly efficacious in the setting of lung transplantation.
Collectively, the current results suggest a new paradigm for an endogenous protective mechanism against airway rejection (epithelium-derived Hmox-1 and CO), which can be bolstered by chronic inhalation of exogenous CO gas. It is intriguing that another diatomic gas, NO, which even more potently stimulates GC, has a facilitating effect on airway rejection, either when expressed endogenously (via iNOS) or when inhaled. The immunosuppressant effects of CO in this model of airway rejection are not only GC independent, but are associated with reduced NF-B binding in the iNOS promoter and reduced up-regulation of iNOS. These data, therefore, highlight the negative reciprocal interactions between two quintessential biological diatomic gases (CO and NO) and the enzymes that produce them.
MATERIALS AND METHODS
Mice. B10.A (H2 a ) mice were purchased from the Jackson Laboratories. For certain experiments, male Hmox-1 Ϫ/Ϫ mice (129Sv ϫ BALB/c background) were used (29) with Hmox-1 ϩ/ϩ progeny serving as littermate controls. The genotype was confirmed by genomic PCR (30) . All mice were between 7 and 15 wk old (25-30 g ). Isogeneic tracheal transplants were performed using B10.A mice as both recipients and donors. Allogeneic (129Sv ϫ BALB/c) tracheal grafts from wild-type (Hmox-1 ϩ/ϩ ) or Hmox-1 Ϫ/Ϫ donor mice were transplanted into wild-type (B10.A) recipient mice. To specifically determine the role of epithelial-versus leukocytederived Hmox-1, reverse donor/recipient transplantation experiments were performed using wild-type donor (B10.A) airway allografts transplanted into Hmox-1 ϩ/ϩ or Hmox-1 Ϫ/Ϫ recipients. All experiments were performed according to protocols approved by the Association for Assessment and Accreditation of Laboratory Animal Care guidelines.
Tracheal transplantation, immunosuppression, sample acquisition, and CO measurements. Experiments were performed in a recently described double-lumen airway transplant model for studying chronic airway rejection (2) . In brief, donor mice were exsanguinated after anesthesia, and whole tracheas were harvested by transecting below the cricoid cartilage distal to the carinal bifurcation under sterile conditions. Recipient mice were similarly anesthetized, and whole tracheas were exposed. Distal (the sixth intercartilaginous space) and proximal (immediately subjacent to the cricoid cartilage area) orifices positioned on the recipient trachea were anastomosed with both ends of the tracheal graft.
All recipient animals received postoperative intramuscular immunosuppression (25 mg/kg/d cyclosporine; Bedford Laboratories) for 2 wk, to model acute-on-chronic airway rejection, and antibiotics (20 mg/kg/d cefazolin sodium; Apothecon) for 3 d. All recipient animals survived and were killed at 3 wk after transplantation. The percent COHb content of 100 l of arterial blood was determined using a CO-oximeter (Nova; Waltham) at the time of death. Tracheal grafts were harvested and snap frozen or embedded en bloc with the native tracheas in Tissue Freezing Medium (Triangle Biomedical Sciences) in a cryomold in liquid nitrogen and stored at Ϫ80ЊC until the time of analysis.
Pharmacological regulation of Hmox-1 induction. To induce Hmox-1 expression during the rejection process, wild-type donor or recipient mice were given 5 mg/kg CoPP (Frontier Scientific) i.p. at days 5 and 1 before transplantation to the donor and days 0 and 5 after transplantation to the recipient (26) . The effect of CoPP on endogenous CO production was confirmed by measurements of graft Hmox-1 expression and levels of COHb in arterial blood at the time of death, as described in the previous section. Hmox activity was inhibited using 20 mg/kg ZnPP (Frontier Scientific), a competitive inhibitor, administered i.p. (27) at the same times as described for CoPP.
Exogenous CO/NO exposure. Mice that were exposed to CO or NO (or controlled room air exposure) were treated as follows. Cages were placed in a lucite exposure chamber (30) immediately after tracheal transplantation and exposed to either 250 ppm CO (balanced with air) or 20 ppm NO (blended with air just before exposure; TechAir). These concentrations of CO (7, 24, 26, 31) or NO (32) were based on previous reports of their use in different model systems. CO levels in the chamber were maintained at 250 ppm monitored with a CO detector (PhD Ultra; Biosystems). NO level was maintained at 20 ppm, keeping the NO 2 level Ͻ5 ppm by flowing freshly blended gas into the chamber and monitoring with a detector (Q-RAE; Geotech). Exposure was initiated immediately after completion of the surgical procedure. Recipient mice were removed from the chamber for only the time required for the daily injection (immunosuppressor or pharmacological inhibitor). After 2 wk, cages were placed in room air for the remaining 1 wk until death. Nontransplanted mice were killed immediately after 2 wk of CO or NO exposure, at which time blood samples were collected from the left ventricle for measurement of COHb levels. In nontransplanted mice, native tracheal segments were also harvested in order to determine the possible effects of these gases on the tissue levels of cGMP (1 d or 2 wk of CO or NO exposure) or expression of Hmox-1, Hmox-2, iNOS, and IL-1␤ (2 wk of CO or NO exposure). For experiments to evaluate the effect of CO administration to the donor, donor mice were exposed to CO over 24 h before graft harvesting, and the grafts were transplanted into recipient mice without further CO exposure.
Pharmacological inhibition for cGMP and iNOS induction. In certain experiments coincident with the placement of Hmox-1 ϩ/ϩ allograft recipient animals in the CO chamber, mice were given a daily dose of 5 mg/ kg ODQ intramuscularly (33) for 2 wk after transplantation. In experiments designed to study the combined effects of CO exposure and iNOS suppression, both Hmox-1 ϩ/ϩ and Hmox-1 Ϫ/Ϫ allograft-recipient mice were placed in the CO chamber for 2 wk, during which time they were given 5 mg/kg of the selective iNOS inhibitor L-NIL (Cayman Chemical) i.p. daily, a treatment that was continued into the third week after transplantation, as previously reported (2).
Histopathological evaluation. 5-m-thick frozen sections were cut and placed on glass slides (Fisher Scientific), after which sections were air dried and fixed for 15 min in acetone at 4ЊC. Histochemical staining was per-
